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Aotisense ongoniicteotides provide a simple and effictent approach for devebping target-selective drygs 
because they can modulate gene expression sequenee-specifically. Antlsense ollgoniicieotides have also 
become efficient molecular biological tools to investigate the function of any protein in the cell. As the 
gppycation of antisense oligonucSeotides has expanded, multiple mechanisms of oligonucieotides have 
been characterized that impede tiieir routine use. Here, we dsscyss different meclianisms of action of 
oligonucieotides and the possible ways of minimizing antisense-reiated effects to improve their speeificity. 



SINCE the first report of the lise of antisense oligodeoxyuucleottdes to 
iahibit Rous sarcoma viriis gene expres;;iori', tliere has beeti treixieii- 
dous progress in the understanding and application of antisense 
oligodeoxytnicleotides. Simplicity, rational design, the inexpensive 
availability of synthetic oligodeoxynucleotides and developments in 
human genome sequencing Mve contributed to this progress. In addi- 
tion, antisense technology has become an essential laboratory tool to 
study and understand the function of any newly discovered genes in 
recent years. In principle, the antisense approach should allow the de- 
sign of drugs that specifically intervene witli the expression of any 
gene whose sequence is known. 

Cheniicai tnodiiication of the [iaiutal phosphodiester b;3ckbop.e is 
necess£iry to prevent its rapid degradation by ubiquitous nucie;ises. Of 
all the chemicai laodifications developed, phosphorothioate 
oOgodeoxymicleolides (PS-oligoii«deolides) are the most exten- 
sively studied analogs of the phosphodiester oligonucleotides and sev- 
eral are currently under evaluation for their therapeutic potential in 
humaji clinical tiiais. In PS-oiigonucleotides, one of the non-bridging 
oxygens of tlie phosphate is replaced vi^ith a sulfur in order to prevent 
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rapid degradation by nucleases (Fig. i). In addition to nuclease resist- 
ance, PS-oIigoJ!udeotides possess important properties such as bind- 
ing aftinity to the target (mSNA), cellular uptake, ;iqueous solubility 
and the ability to activate RNase H, which is required for antisense ac- 
tivity^''. As a resuh of these intierent favorable properties, FS -oligonu- 
cleotides have become the choice as the first generation of 
antisense molecules in hundreds of studies in cell cultures and animal 
models-'^. Recently, a PS-oligonudeotide targeted to human cyto- 
megalovirus (CMV) lias been approved for .lie tieatu.ent of CMV- 
ifiduced retinitis". Many other antisesise olsgomsdeolides are at 
varioijs s!;sges of ciiiiic.-j] deveJopjnent (Table 1). 

As tiie niiJiiber oi' reports of tlie use of PS-oligOHueSeotides in the 
literature increased, it became evident that the use of PS-oiigonu- 
eieotkles as antisense agents aiight not be as simple as initially ex- 
pectec'-'-\ The effects observed in many studies could be attributed to 
the antisense mechanism, but the effects observed in others could 
not*-'. Tliese non-antisense effects could be the result of the presence of 
certain sequence motifs an.d/or secondary structures (due to self-com- 
plemetiiarity) in the PS-oligOBUcieotides or they could be related to 
their polyaniotiic nalxire. These otlier modes of actioti of PS-oisgoiiu- 
cleo tides often overlapped with the mechanism of action and speci- 
ficity of antisense oligonucleotides. It is now becoming evident tliat 
such defined factors can directly or indirectly influetice the specificity 
and mechanism of action of antisense oligonucleotides. 

In this ai'ticle, the different mechanisms of action of PS-o!igonu- 
deotides that coiifuse the understanding of antisense effects are .dis- 
cussed. In additio!), meiliods for tlie reductioii or minimization of tliese 
complications by implementation and adherence to certain guidelines 
for the design and study of aiitisense oligoiiudeotides in vitro and in 
vivo are described. These descripliosis cover not only the developtnent 
of therapeutics, but also functional genomics applications, such as 
elucidatiiig the biological function of any newly discovered gene by 
inhibiting its translation. 
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Phosphorothioate (b) End-modified mixed-backbone (c) Centraliy-modified mixed- 

oligodeoxynucleotides oiigonuoleotides backbone oligonucleotides 




Figure 1, Structures of phosphorothioate (a), end-modified mixed-bacl^bone (b), and centrally-modified mixed-bacl^bone oligonucleotides (c). In (b) and (c) oniy 2 -0- 
mathyl ribonucleotide modification is shown in MBOs. Any chemical modification that reduces polyanion-related side effects and increases antisense specificity can be 
used in botli the end- and csniraliy-mod! fied MBOs. The advantage of MBOs is that, although they retain the advantage of PS-oiigonucleotidss (RNase H activstion), 
the inherent side stiects can be minimized. T he piacsment of methyiphosphonate linkages (not shown in figure) at the ends rsdiicsstiie ovsrail poiyanionic-related side 
effects, and increases the in vivo stabiiity by protecting both the ends of the PS-oligonucieotide from digestion by nucleases. Simiiariy piacement of 2'-0-methyl- 
ribonucieotide seg merits provides increased affinity to the target mRN.A and in vivo stability. Piacement of modified segments in the center provides a handle on mod- 
ulating the rate of degradation, the nature of rnstabolitss being generated in vivo and the elimination of those riietaboiites. The modification that confers higher stabil- 
ity against nuclease digestion provides two advantages: longer duration of action to enable less frequent dosing and the presence of fewer degradation metabolites to 
decrease the possible side effects from such metabolites. 



Meclianisiiis of action of PS-oligoimdeotides 

Theoretically, it is veiy simple to design oligonucleotides to inhibit the 
translation of encoded proteins by the antisense mechanism. In princi- 
ple, an antisense oligonudeotide is desigiied to inhibit expression of 
specific unwanted protein by hybridizing to the target mRNA through 
Watson-Crick complementary base recognition, thereby physically 
blocking the nbosortial tnachinery and/or activating eiidogenons 
RNase H that cleaves tlte mRNA at the duplex site. There are iirsmer- 
oiis examples in which PS-oHgomideoEides of varying lengths and 
base compositions have been employed to inhibit the translation of 
cellular or foreign genes by an antisense mechanism'"". 



A major question that remains to be answered, however, is whetiier 
the inhibition of expressed protein or tlie subsequent biological effects 
obsen'ed are the result of a bona fide antisense mechanism. Detailed 
studies of the impact of PS-oligouuckotMe sequence on their mecha- 
nism of action and specificity clearly suggest that sequetice is a criti- 
cal factor for many PS-oiigonucieotides. 

CpG motifs and immunostimulatlm 

PS-oligoflucieotides containing CpG motifs have immiinostimiilatory 
activity'^" they induce many cytokines, including IL-12, IL-6, IFN-^, 
TNF-a and chemokines"'-''''. Their immuiiostimulatory properties 
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Table 1. Ongonucleotedes In cHnlcol trials- 
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depeild on the sequence, base cotuposidon and the position of the CpG 
motif in ihe sequence. PS-oligontideotides containing CpG motifs 
might therefore have immunostimulatory properties in addi tion to the 
antisense function tliat they were designed for. For example, two 29- 
mers of the same base composition, except that one has a CG-motif 
and the other has a GC-motif, showed seqiience-specific non-antisense 
mediated antiviral activity (Fig. 2a). Cuixently, PS-oiigonucleotides 
containing CpG motifs are being expiored as ifflimunotnodulators in 
aiitiviral, antibacterial, ajiticancer and anti-iiiflamiiiatory ■liierapies'*'. 

Is it possible that the nucleotide sequence of PS-oligonudeotides 
also has an ujipact oa die obsei'ved side effects in vivo'l For example, 
two PS-oygoiiucleotides of the sasjie base composition but wun dif- 
ferent nucleotide motifs caused similar side effects in tliree different 
mouse models, but the severity of the side effects v/as sequence de- 
pendent (Fig. 2b~e). This example furtlier indicates that two PS- 



oligoiiudeotides of the same leagtli and base composition can behave 
differently in vivo. In addition, sequence independent side effects, such 
as complement activation and prolongation of activated partial 
thromboplastin time (aFiT), were also obsen'ed witli the PS- 
oligonucieotides. From these two examples and from other studies re- 
ported in the literature, it is clear that if a selected antisense oligonu- 
cleotide sequence has a CpG motif, extreme care must be taken in 
establishing its specificity of antisense activity. 

Secondary structures interfere with the antisense mechanism 
The presence of secosidary slrnctures can also in terfere wish and sense 
.activity by allowing Ihe oligonucleotides to bind to nnintended proiein 
t.'irgets. Double- stranded PS-oSigomsdeotides that contain a cis- 
tr;inscription recognition sequence bind sequence- specifically to tran- 
scription factors competitively and interfere witii transcription. This is 
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Figure 2 (a) The effect of PS-oiigonuclsotides 1 {oligo 1) (fy-CCATGACGTTCGTQATGCTTTTTGGQGG-3') and oiigo 2 (5'-TCCATGAGGTTGCTGAT- 
GCTTTTTGGGGG-3 ) at 5, 10 and 25 mg kg"' closes or CMV replication. A coritroi antiviral agent, 3,5-dihydro.xyphenylgiycine (DHPG), was also used. Neither oiigo 

1 nor ollgo 2 Is complemsntary to murlns-CM V RNA. The inhibition of CMV observed in this study was the result of immune stlmu iation rather than an antissnss mecha- 
nism. At lower doses, protection of CMV-infected mice was obserifsd with oligo 1 . At higher doses, no protection was observ'ed, probably because of hyper-sHmuiation 
of the immune systeri!, which also rssuited in ir'crsased toxicity. Analysis of serum showed an increase in iL-1 2 ieveis with oiigo 1 coFTipared to cor itroi (saline) or oligo 

2 treated mice, (b-8) Side effects of oligo 3 {5'-TCGTCGCTGTCTCCGCTTCTTCTTGCC-3') and oligo 4 (S'-TGCTGCCTGTCTGCGCTTGTTCTTGCC-S'j in CD-1 , nude 
and SGID mouse models. Oligo 3 is complementary to the rei/gens of IHiV-1'^ Oiigo 3 caused significant changes in platelet count (b) and levels of transaminases, 
alanine aminotransferase (ALT) (c) and aspartate aminotransferase (AST) (d) in all three mouse models, Oligo 3 caused a greater increase in spleen enlargement (e) 
in all three mouse models than did oligo 4. In gsnerai, ollgo 4 had less severs sfiects on the parameters studied. Examination of kidney, liver and spleen of the three 
mouse models for histopathology showed more pronounced reticuloendothelial cell hyperplasia with oligo 3 than oligo 4. In addition, hematopoetio ceil proliferation was 
more pronounced in spleens of the three mouse models with oiigo 3 than those with oligo 4. The side effects observed could be the result of immune-stimulatory prop- 
erties of PS-o!igonucleotides and might involve different pathways in these mouse models. Further studies are needed to characterize the mechanisms involved in 
inducing these side effects, it is important to note that, in several studies, nude and SCID mice are used as models to evaluate anti-tumor, antiviral or antibacterial ac- 
tivity Factors rssponsibie for side effects, directly or indirectly, might interfere with the mechanism of action of antisense or control PS-oiigonucfeotides. 
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generally called the 'decoy' mechanism of inhibition atid it is different 
froin anti sense action. There have been several examples of the use of 
oligoaiicleotide-derived sequetices as decoys'' 

Single- stranded oligonucleotides c£tlled aptaniers are sjsed to iiihibii 
specific proteins in a sequence- specific tiiatiiier Examples of aptamer 
oligonucleotides include inhibitors of tlirombin and HlV-i integrase'-'-l 
It is important to note that although the sequence of a PuS-oligonu- 
cleotide is important in exerting noE-specifiC activity, its iatemu- 
cleotide linkages, due to its polyanionic nature, also show sequence- 
iadepeiident side effects'-''--'. 

Optisnal design of aijtjsense oiigonudeotides 
It is cieitr tliat PS -oiigonucleo tides of varying sequences, lengths and 
base compositions could exert biological activities by many meclia- 
nisms. It is always possible that, although a unique structure or motif 
is required for non-antisense mechanism, the presence of these motifs 
in an antisense oiigonucleotide or its control PS -oligonucleotides 
could interfere witJi the mechajiism of action and specificity. 



Therefore, aiitiseiise oUgoiiudeotide design is not as simple as 
probe (iesiga and sevetal points snust be considered m the design and 
study of antiseiise oHgoraicieotkks. A number of lessons have been 
learned from the aafiseiise oiigonsicSeofide studies in the past few 
years, and several chemical strategies (Fig. 3) have been developed to 
minimize non-antisense related effects of PS-oHgoiiucleofides'-^ 

If proper design precautions, suitable chemical modifications and 
appropriate control sequences are not selected, PS-oligoiiudeotides 
with specific sequence motifs or secondary structures could iiifluence 
the outcome of the experimental i-esults tlirough non-antisense mecha- 
nisms. Adoption and application of these rtiodifi cations for antisense 
oligonucleotide design would be of particular interest to those who 
use antisense technology for elucidating tlie functions of newly dis- 
covered genes. 

Target site selection 

The initial step in selecting aji antisense oligonucleotide is to choose 
an appropriate target sequence on the mRNj^ molecule. Antisense 
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Figure 3. hactors ibai affect tfts specificity of antisense oligonucleoiidss and tfis cfiemical strategies tfiat have been developed to reduce tiiase nori-aritisenss-rslated 
effects In order to Improve specificity, pfiarmacokinetic and safety profiles. 
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Glossary 

Ac;}ivaNsd partial thrombopiisstif! Wma (aPTT) - Ati in vitro meas- 
(.iffjiTient ic) dslHrmine the prolongation oi biood coagulation by co- 
agulation inhibitors. 

AnSlsenss oligonucleotide -■ A sysilhetic oligonacleatide thai is; 
coinpiernenlary to a portian of tie tasgetsd mRNA. It bindsteiihg; 
iimRNA and arrests translation by physical blockade o; rihosomal na- 
iMnBjf$aMo!jD^^^ of enciogen&uS::RNas8 H, 

Aptamer - A single-stranded oligonucleotide that binds sequence- 
spBciiically to a protein and inhibits Its iunction. An apfafFser iiiight 
adopt a specific slructure in order to b:nd to ths! proteir:. 

Decoy - A linear or hairpin duplesc'digcsiucteotide that captures a: 
transcription factor by competitive seqiience-spedfic binding and in- 

Hyper-slructurs-forming sequences - The Q-rich sequences 
(containing three or more guanosines in a row) that form Hoogsteen 
hydroge: ■■ -i.cied structures involving guanines in four or more 

istrands. 

Mixed-backbons ollgonucleotidss (MBOs) -■ Oligonucleotides that 
are synthesized with more than one modiiicaiion in order to improve 
biophysical, biochemical, pharmacokinetic or safety profiles. 

Pha;;phorothfoa{o ollgodeoxynucleotidcs (PS-oligonucleotides} 
Oligo(it;oxyrKicleotld(!s in wh:ch one of the nori-tiridging oxygens on 
iihe phosphate of ths natural phosphodiester backbone isplaced 
with a sulfur to make them nuclease resistant. 

iiiNage H - A ribonuclease tfiat spaiifically recogriiies an RNA-DNA 
iSi^rcdupteXiShiSliaa??® strand ; ' iiie hsteroduplex 

5 - and 3 -untranslated regions (UTRs) - The nucieolide se- 
quences that are present before a stait codon and after a fermlnatlon 
codon. respectively, in an mf-iNA and are not ttansiated intopfotein. 



technology has been hampered to some extent by limited knowledge as 
to the base-pairing accessibility of mRMA target shes in vivo. Although 
;i number of models that predict RN'A folding are ;ivailable, their use- 
fulness for predicting the most plausible in vivo RJs'A stractiire is lim- 
ited-^ Alternatively, in vitro miethods can be used to test the acces- 
-sibility of mRNA sites by oligonucleotides, but this has also met with 
limited success'-'. It is considered preferable, therefore, to screen a 
number of oligoaucieotides that encotnpass different regions on RNA 
to identify a set of optima] target sites, includitig the 5'- and 3'-«n- 
traiislated regions (UTRs), initiation codon site, coding region and 
intron-exon junctions. Oligonucleotides tliiit have been targeted to the 
translation initiation codon region of mRNA are generally believed to 
be more potent than those tai'geted to other regions. Our experience, 
however, shows tliat it is difficult to find a 20-nucleotide site thai in- 
cludes the initiation codon and satisfies all the criteria discussed in this 
review for optimal aiitiseuse oSigoiiucieotMe design. 

It has recently been showii thai sites cotiiaining CGGA secjuence 
motifs on mRNA are more accessible to aHlisense oHgoitiideotkies 
than are other sites'^ Although it is interestitig, it is not possible to getr- 
eralize this coticept for targets other than those examined until further 
evidence emerges with a number of other targets. 



Choice of Gliponucleotide sequences 

The affinity of an oligonucleotide for its largel; RNA varies signifi- 
cantly depending on ba:;e composition and seqaence'-'-^'l Therefore, the 
antisense activity of a selected oligonucleotide is influenced both by its 
base composition and by its sequence. Oligoniicleotides that contain 
certain seqiience motifs, such as CpG (Refs 12,14,15) and GGGG 
(fayper-slructiire-formisig sequeiices)^'---^ induce cell proliferation 
and immune responses. G-rich oligonucleotides also have different 
cellular uptake, tissue distribution, pharmacokinetics and in vivo dis- 
position from those oligonucleotides that do not contain four or more 
adjacetii guanosines". .Antisense PS-ofigosracieotides containitig CpG 
and G-rich motifs increase the possibility of exhibilmg activities by 
non-antisense mechanisms. Hence, it is appropriate to avoid sequences 
containing these motifs for antisense uses. 

If an antisense oligonucieotide possesses self-complementaiity or 
a palindromic sequence, it can form stable secondary structures, such 
as short linear' duplexes or haiqjins (Fig. 4). In such cases, secondary 
strccture formation competes for binding to tlie target mRNA . In ad- 
dition, tliese secondary structures can serve as decoys by binding to 
cellular factors, thereby iiibibiliug or inducing the tunctioris of non- 
targeted genes, v,'hich could directly or indirectly aftes the fuuctiosi of 
the gene being studied, A nuniber of software packages are ciuTenily 
available for screening oligonucleotides for the formation of secondary 
structures involving traditional Watson-Crick base pairing roles. 
However, these packages are not designed to predict non-traditional 
structures, such as quadruplexes involving G-rich moufs, G.A base 
pairs, parallel-stranded structures and the possible stnictures formed 
t)y clieriiicriliy oxidifiecl nucleotides. In these cases, nott-dettaoiring gel 
electrophoresis or UV thermal denaturalion tnettiods can be used to 
examine the possible secondary structure foraialion by antisense 
oligonudeotides alone (Fig. 4). 

Choice of chemical modification 

The sequence-unrelated side effects associated with PS-oligonu- 
cieotides-''^''*' have led to attempts to improve specificity and tliereby re- 
duce side effects. The PS-backbone, in association with deoxyribonu- 
cleolides, is responsibie for poiyanion-relafed effects, such as 
prolortgatiofi oi' aPTT aiid coiiipieuieiil aclivation''. PS-oiigoribornj- 
cleotides, PS-2'-0-methyl-oligoribonucleotides and PS-2'-5'-linked- 
oligoriboPiUcSeoiides (see Fig. 5 for chemical stRictures) have lower or 
negligible effects on prolongation of aP'l'T and complement activation*". 

Methylphosphonate oligonucleotides show less severe polyanion- 
related effects because they have reduced negative charge '^-^--^ 
Unfortunately, iiiethylphosphonates and PS-oligoribonucleotides do 
not activate RNase H upon binding to the RN.A target, aa important 
property critical for the antisense mechanism. In addition, aciueous sol- 
ubility of methylphosphonate oligonucleotides containing more than 
12 nucleotides becomes a limiting factor. We have therefore attempted 
to use a combination of tliese modifications with PS-oligonucieotides 
to develop antisense oiigonucieotides that have all the required prop- 
erties for antisense activity wliile minimizing the polyanion-related ef- 
fects'. Tliese oligoiiucleolides are referred to as mixed -baclcbone 
oligomrdeotsdes i.MBOs) (Fig. 1). 

MBOs containing segments of PS-oligosiuc!eotMe aiid other 
modiiied oiigoiiucleotide segments have etnerged as second- gersera- 
tion antisesise oligOHiideofides--'-"' -'l A iiuraber of modifications, 
combined with the PS-oiigoaudeotide backbone, have been studied^ 
but two modifications - PS-2'-0-methyl(alkyl)ribonucleDtides and 
metliylphosphonate oligonucleotides ~ stand out because they reduce 
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several polyaaioB- and Bon-aiitiserise-reIa!ed 
side effecis of PS-oHgonucSeotides-'- 1 Botlj 
inodifi cations reciuce protein bsiuiiiLg and 
non-antisense effects related to the polyan- 
ionic nature of the PS-oiigOBU- 
cieotides^"^-^' lliese iiiodificiitions can be 
incorporated at the 3 '-end or at both the 3'- 
and the 5 '-ends of a PS-oiigoiiudeotide to 
produce 'end-modified MBOs", or incorpo- 
rated in the ceiiter of tlie PS-oligoiiucieotide 
to produce 'ceniraily modified MBOs'. 

End-modified MBOs have showQ im- 
proved specificity, biological activity, in vivo 
stability, pharmacokinetic and safety profiles 
over PS-oligoaucIeotides'^^'. Importantly, 
end-modified MBOs permit oral and colorec- 
tal administration of antisease oligonu- 
cleotides as a result of their increased in vivo 
metabolic stability"''. In addition, end-modi- 
fied MBOs have lower f'Olyanioii-related 
effects, such as cotnpleineat activation aiid 
prolongation of aPTT, ttian do PS- 
oligoiiiideotides^-'. 

Centrally-modified MBOs contain a modi- 
fied oligonucleotide segment placed in the 
center of a PS-oUgomicleotide'l These 
MBOs show increased binding affinity to the 
target, increased RNase H activation, and 
consequently rapid degradation of RNA com- 
pared with end-modified MBOs. Centrally 
modified MBOs permit reduction of contigu- 
ous PS -oligonucleotide length, tiiereby deter- 
mining their length-dependent polyatuonic 
effects. These MBOs show improved phar- 
macokinetic and safety profiles and maintain 
biological activity similar to that of PS- 
oligoiiucieotkks^^. 

The pijrily of PS-oligonucleotides also af- 
fects their biological activity'"*. As a result of 
recent developments in synthetic, purificiitioii 
and analytical methodologies, it is now poss- 
ible to obtain consistently pure FS-oligonu- 
cleotides. However, it is important for the lab- 
oratories that obtain oligonucleotides from 
commercial suppliers to check purity levels 
constantly as these vary from vendor to vendor 
and from batch to batch. 

Avoiding CpG motifs in an antisense se- 
quence reduces non-antisense-related activity 
considerably. However, if a CpG motif is ab- 
solutely necessary for antisense activity, the 
noii-antisense-related effects of CpG motifs 
can be reduced by several chemical modifi- 
cations (Fig, 3), Tliese modifications include: 
{] ) replacement of the cytosiae base in the CpG motif with a 5-melhyl- 
cyiosine base; (2} replacement of the phosphoroihioate linkage be- 
tween C and G of the CpG motif with a metliylphosplionate linkage; 
and (3) replacement of the d(CpG) motif with 2'-0-methylribonucleo- 
sides. We have studied a number of PS-oligonucieotides tliat contain 
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Figure 4, A" .qutoradiogram showing structurss formed by a number of PS-oiigonuc!eotide sequancss that 
have been reported in the recent literature. Sequences and possible structures formed by these oiigonu- 
cieotides are sho'A'n on top of the gel. For each oiigoniiclsotlde there are two lanes except for the oiigoriLi- 
oieotide shov>'n as single strand (first lane in both the geis). These left and right lanes represent samples 
loaded y.'lth Torrnamids after heating to 95"C and snap-cooiing or loaded with giyoerol butter without heating, 
respecfiveiy. Bands indicated with an ariow are ihe result of secoiidary structure formatioF! by these PS- 
oiigortucleoildes. The thicit.arrfjw beside the gel photograph indicates the direotior! of gel riiobility The UV 
thermal melting temperature (T„) of each PS-oiigoniicieoSide (riieasured ir! 100 mfvl NaCI, "10 sodium 
phosphate buffer pH 7.4 at a strand concentration of 4 jiM in I mi) is shown below the autoradiogram. The 
observation of two T„ values for one oligonucieotide revealed the presence of more than one structure (al- 
though this was not distinguishable on the gel). An oligonucleotide that revealed no T„ value indicated the 
absence of secondary structure formation. 



CpG motifs with atid without the above EJiodifications in mice and rats 
and have found IheEJi to have significantly reduced side effects "'"'■"''. 

As for G-rich motifs, no known chemical modification (except re- 
placemeiit of Gs m ihe G-rich site with 7-deazaguamnes) prevents hyper- 
stmctare formation. It is appropriate, therefore, to avoid sequences that 
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(a) 3'-5'-Linkage 



(b) 2'-5'-Linkage 





X = H (DNA) Y = O and Z = 

X = OH (RNA) Y = O and Z = 

X = OCH3 (2'-OMe-RNA) Y = O and Z = 

B = Nucleoside base A/C/G/T/U 



0~ (Phosphodiester) 
S" (Phosphorothioate) 
CHg (Methyiphosphonate) 



Molscalar Medicine Today 



Figures. Structures eluciciatlRg (a) 3'- 
cussed in this rsviewf. 



- and (b) 2 -5'-iinkages and some of the chemicai modificatioiis dis 



contain four or more Gs (sometimes three) in a stretcii. Hyper-structtire 
formalion by oligonucleotides tlmt contain three or four adjacent Gs caii 
be ascertained by examining them on non-denataring polyacryIami.de 
gels tinder physiological conditions because hyper-stractttre formalion 
is also dependent on the flanking sequences (Fig. 4). In addition, syn- 
tiiesis and purification of G-rich oligonucleotides is complex and is not 
reproducible*^. 

Minimization of protein binding and other competing factors 
PS-oHgonucIeotides bind to proteins through sequence-specific, 
structure-specific and non-specific interactions. As a result of the 
poiyanionic riaSuie of !fie mleriiucleotkie pho:;photo;liioate backbone, 
PS-oHgO!i,«c!eo!ides interact rs.csii- specifically v.'un a nurtiber of pto- 
teitts and enzymes in vitro in a secjuence-indepeudent, but length- 
dependetit, manner^''-'*'^"^^. PS-oiigonucieotides utlnbit the ;ictiyities of 
several enzymes, including DNA polymerases, growth factors, pro- 
tein kinase C, HlV-gpl20, recombinant soluble CD4, reverse tran- 
scriptase, RNase H and RNase L in a dose-dependent fashion in 
vitro studies, but at much iiigher concentrations than those required for 
antisense activity''-"*'*''. However, the in vivo biological relevance of ia- 
Iri bition of these enzymes has not yet been esfablished. Note that these 
effects are tnechanistically distinct from decoy and aptamer 
effects, 

in addition, PS-o!igonucieotides bind to a number of 
plasma/serum-proteins, notably albumin'^'^' "^. The binding affinity of 
FS-oiigonudeotldes for plasma/serum proteins has been shown to be 

in the order fibrinogen>7-globulins.>albumin'''*''''. As shown previ- 
ously, FS-oUgosiudeotides detnonstrate prolongation of aPTT and 
complement activation in a dose- and length-dependent, but sequence- 
independent, maimer in vivo atid in vifro'^- It has recently 
been shown that PS-oHgonudeotides inhibit the intrinsic tenase com- 
plex (factor IXajj, factor Villa, phospholipid atid calcium) in the blood 
coagulation system^". In vivo and in vitro studies have demonstrated 
that small molecules, such as asphin, compete effectively for seram- 



protein binding and alter pharmacokinetic and 
tissue distnbijtion profiles of PS-oHgOHU- 
ckotides''^'"'^. These polyanion-reiated and 
protein binding-related side effects can be sig- 
tiificantly minimized by maintaining low 
plasma concentrations by slow intravenous in- 
fusion as currently employed in clinical tri- 
als-*^ by using formulations'--, or by incorpo- 
rating 2''-0-alky!(methyl)ribonucleosides or 
methylphosphoiiate linkages into PS- 
oiigoimcleotides as in the case of MBOs 
(Refs 33-35,37,38) (Fig. 3). 



Control sequences 

Although tlie antisense field has progressed to 
clinical trials, there is no consensus on what 
kind of controls to include in antisense experi- 
ments, mainly because of the litnited knowl- 
edge of the biological effects of possible nu- 
cleotide tnotifs. So fan only the biological 
con.sequenc:es of certain isiotifs, snch as CpG 
and G4s, are knov,'n. The use of a variety of 
control oligonucleotides has been reported in 
different studies ranging from oligonu- 
cleotides containing 1-7 mismatches, to 
scrambled, sense or random sequetices. Wlren control oligonucleotides 
are designed, some of the motifs that cause adverse or different bio- 
logical effects can be unknowingly deleted or introduced, resulting in 
equal or higher activity than the antisense oligonucleotide, which can 
lead to confusing results. Therefore, it tiiight be appropriate to use tnore 
than one control oligonucleotide to establish the antisense activity de- 
pending on the sequence. 

Cellular uptake facilitators for in vitro studies 
Discussion of cellular uptake facilitators might not be relevatit for in 
vivo studies, as no such agents are cun'ently tised in vivo, but it is cer- 
tainly iiiiportan! in the initial screening of antisense PS-oiigoi!U- 
deotides in cell cultures atid tlseir application for futiclional genomics. 
The cellular uptake of negatively charged oligonucleotides is one of 



The outstanding questions 

Vvhaf- i.; the impact of She nucleotide base compoidiion of 
oligonucleotides on their antisenae acridity and their tnecha- 
nisrn of action ? 

Wh.'it are the biological roles of v.nrioiis nucleotide niotifs 
present i-rs ohgonuclfoiides? 

it possibk-: to i:o!':c!:!sively r-iie out the po.';:;ibdit^ s.i'iat nc- 
mec'hams!:! othet than a hon<: fidi anti.'iense meciiamsm is 
ve:,poiis;ble tor U:e -jbserved bioiogtcal etfects of auiisesise 

•isu-.:!!--.-:;.. ■■:;!-.■ 

Hi."V arv oiigonucieotides takett up by cells, tratisported and 
iJtoc\-iSed by \arious tlssties ? 

V\ iMt is the aiechanisnj of inteitinai absorptiost of oligoiut- 
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the inipoitaiit factors in deterniiiiiiig the efficacy of aiitiseiise olsgoni!- 
cSeotides; the tnechanisE!! of their aptalie is not yet uiideisiocxi u! de- 
laii. /« vilro, celliilar liptake of aiitisense oiigosradeotides depends oa 
many factors, including cell type, kinetics of uptake, tissue culture 
conditions, and chemical nature, length and sequence of the oligonu- 
cleotide. Any one of these factors can iiifluence die biological activity 
of an astisesise oiigomicieotide. It is iherefore appropriate to study 
each aatiseiise oiigOHUcleotMe in its own context, and relevant cell 
liiie, without generalizing the results for every oligonucleotide. 

Cationic macroniolecules such as lipofectin are used to enhance the 
uptake of autiseiise oiigoiracleo tides in vitm. These polycations forra 
complexes with negatively charged oligonucleotides and facilitate ttieir 
internalization. Complex formation between oligonucleotides and 
cationic lipid agents might also provide stability against nucleases in 
cell cultures. The use of cell uptake facilitators could influence the out- 
come of the biological activity depending on the nature of the poly- 
catioii used. 

Co«ciod«5g remarks 

M'any questions about the effects of jmiisesise oiigonudeotkle seqisetice, 
seconsiary stnictures, cellular uptake, irietabolism. excretion, tissue dis- 
tribution, side effects and mechanism of action have been miswered to a 
large extent, if not completely, in die past tew years. As the aritisense field 
progresses and tlie ciitical cliemical and mechanistic issues of antlsense 
effects ai'e distinguished from tliose of non-aiitisense effects, it is becom- 
ing clear that antisense oilgonucleotide tlierapeutics can in fact be as 
simple as complementary base recognition, but only if proper design pre- 
cautions and controls are used. A iiumter of chenricaJ itiodificaiions have 
been developed and tested for atitisense activity. Ailhoiigh a first gener- 
ation 1%-oligoinideotide has been ajjproved for treating CMV-induced 
retinitis, a combination of modifications is clearly needed to fine-time the 
physicochemicai and biochemical properties of antisense oiigonu- 
deotides to make them effective drugs for multiple applications. MBOs 
have become the choice for second-generation aatisense oligonu- 
cleotides, and several are now being tested for llieir potential in htnnan 
cliitical trials. In addition, tlie oral bioavailabilit)' of MBOs tnight allow 
these drags to be aciniuiistered ui pill fortti in the near futitre*. The 
kiiowledge gaisied about the effects of atiiisense PS-oligomfdeoticte and 
their chemical modifications in the past few years is valiiable for the de- 
velopment of £iiitisense drags in the future. Nonetheless, as is always die 
case, caution must be exerted in experimental design and ititerfiretation of 
antisense results until all tire critical aspects of aatisense oligonu- 
deotides are explored beyond reasonable doubt. 
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